importance for cold, salt, and drought tolerance (Kreps et al., 2002) . Microarray expression analyses offer important opportunities for the systematic evaluation of biological responses. Huge numbers of transcript data were evaluated and visualized easily with various tools (UrbanczykWochniak et al., 2006) . N. benthamiana is one of the most commonly used model species in studies of plant-microbe interactions and other research topics. Its genome contains 19 chromosomes (~3 Gb). It belongs to the family Solanaceae, and thus it is a close relative of tomato (Solanum lycopersicum) and potato (S. tuberosum) (Goodin et al., 2008; Bombarely et al., 2012) . In this study, we aimed to identify and characterize the differentially expressed genes (DEGs) at four time points (4 h, 12 h, 24 h, and 48 h) of cold-stressed N. benthamiana plants. We have specifically focused on the common up-and downregulated genes for all the time periods. We think that the findings of this study will significantly contribute to the Solanaceae genomics in order to understand the cold acclimation mechanisms exclusively in Nicotiana species.
Materials and methods
The gene expression data of N. benthamiana plants showing differential expression under cold stress were supplied by the GEO database (http://www.ncbi.nlm.nih. gov/geo/) of the NCBI. The expression data of cold stress were obtained from GSE8203 by using the MATLAB program. Researchers subjected to N. benthamiana cold stress at 4 °C. In the experiment, TIGR10 K potato microarrays containing 15.264 cDNAs (http://www.jcvi. org/potato/sol_ma_microarrays.shtml) were used. We retrieved the gene expression values in log2 form for four time points (4 h, 12 h, 24 h, and 48 h). The fold change between stress and control conditions was expressed by stress/control formula. The log ratios below -2 and above +2 were selected for down-and upregulated genes, respectively. Biological replicates were not performed in the experiment. Since there was no replication, we determined common up-and downregulated genes at all time points to increase the reliability of the study. We should note that expression values of up-and downregulated genes were nearly same for all time points (Table S1 ; on the journal's website). Annotation and functional characterization was assigned by using MapMan (Stu_TIGR.m02 August07). MapMan implementation in the current study was helpful since it facilitates biological interpretation and provides a global overview of the results (Rotter et al., 2007) .
Results

Identification of genes involved in cold acclimation
Absolute values of log2 ratio (≥2 and ≤-2) were used as thresholds to confirm the significance of DEGs. Coldinduced genes were identified based on the fold change of each gene ( Figure 2 ; Table S1 ). A total of 5205 DEGs were identified. Of these, 5029 were upregulated and 176 were downregulated. The common up-and downregulated genes were found as 692 and 6, respectively.
Functional annotation of common DEGs
Although a large number of cold-responsive DEGs have been identified in cold-stressed N. benthamiana, only common up-and downregulated genes were annotated ( Figure 3 ; Table S1 ). MapMan BINs were applied to understand the biological significance of DEGs. This approach is based on the generation of a dictionary of terms that use canonical syntax for knowledge representation (Kim and Caetano-Anollés, 2010) . For upregulated genes, 387 DEGs (56%) were annotated in 28 major BINs, while 305 genes (44%) could not be assigned to any ontology. The top ten upregulated genes in cold stress were distributed among protein metabolism (BIN 29, 13%), RNA metabolism (BIN 27, 8.1%) , miscellaneous enzyme families (BIN26, 4.6%), signaling pathway genes (BIN 30, 4.1%) , stress genes (BIN 20, 3 .6%), cell (BIN 31, 2.7%), lipid metabolism (BIN 11, 2.4%), transport (BIN 34, 2.3%), cell wall and amino acid metabolism (BIN 10 and 13, 1.9%), and secondary metabolism, hormones, and development (BIN 16, 17, and 33, 1.7%) . Downregulated genes were distributed among amino acid metabolism (BIN 13, 1), nucleotide metabolism (BIN 23, 1), and protein metabolism (BIN 29). However, four downregulated genes could not be assigned to any ontology.
The major BINs contained high relative gene numbers and were found in a broad range of subgroups. Genes in the protein pathway (BIN 29) were identified as mostly involved in protein degradation; posttranslational modification (PTM) and protein synthesis were also identified. In the RNA pathway (BIN 27) , a large number of upregulated putative transcription factors were identified to belong to the auxin response factor (ARF) family, basic helix-loop-helix family (bHLH), bZIP transcription factor family, C2H2 zinc finger family, C3H zinc finger family, E2F/DP transcription factor family, G2-like transcription factor family (GARP), GRAS transcription factor family, homeobox transcription factor family, MYB domain transcription factor family, SET-domain transcriptional regulator family, squamosa promoter binding protein family, and nucleosome/chromatin assembly factor group (Table 1; Figure 4 ).
Miscellaneous enzyme families (BIN 26) contained various metabolic upregulated genes such as cytochrome P450, glutathione S transferases, UDP glucosyl and glucoronyl transferases, lipid transfer protein (LTP) family protein, and alcohol dehydrogenases. The stress pathway (BIN 20) contained various subgroups related with cold, drought/salt, heat, and PR10 proteins. In secondary Figure 2 . Number of differentially expressed genes in N. benthamiana at four time points (4, 12, 24, 48 h) . A and B show up-and downregulated genes, respectively. metabolism (BIN 16), anthocyanins, dihydroflavonols, carotenoids, phosphomevalonate kinase, terpenoids, betaine, phenylpropanoids, and wax genes were detected. The signaling pathway (BIN 30) contained a wide range of subgroups such as receptor kinases, calcium signaling, G-proteins, sugar and nutrient physiology, light, and phosphinositides ( Figure 5A ). In hormone metabolism (BIN 17), abscisic acid synthesis-degradation, auxin signal transduction, cytokinin signal transduction, ethylene signal transduction, ethylene synthesis-degradation, and gibberellin induced-regulated-responsive-activated genes were upregulated ( Figure 5B ). In photosynthesis metabolism (BIN 1), some photosystem II, Calvin cycle, and photorespiration genes were upregulated ( Figure 5C ). In lipid metabolism (BIN 11), fatty acid (FA) synthesis and elongation (acetyl CoA carboxylation, ACP desaturase, ACP protein, ACP thioesterase, acyl CoA ligase, enoyl ACP reductase, long chain fatty acid CoA ligase, enoyl CoA hydratase, and phospholipid synthesis) and steroid-squalene synthases were identified ( Figure 5D ). Expression levels of cold-induced upregulated genes were visualized with their putative functions in metabolism by using the "Metabolism overview" pathway ( Figure 6 ). Particularly, light reactions, lipid reactions, and majorminor carbohydrate metabolisms were upregulated based on enrichment analysis.
Based on downregulated genes, one gene of amino acid, protein, and nucleotide metabolisms was identified as downregulated, while three downregulated genes were not assigned.
Discussion
Analysis of differentially expressed genes
Cold stress induces many physiological and biochemical mechanisms in cells in order to alleviate or overcome stress factors. Besides, lower temperatures could affect many metabolic events such as water and nutrient uptake, membrane fluidity, and protein and nucleic acid conformation (Winfield et al., 2010 ). In the current study, transcriptomic data of cold-stressed N. benthamiana plants were evaluated at different time points (4, 12, 24, and 48 h) in order to identify up-and downregulated genes. Microarray analysis of chilling-tolerant rice cultivar JM (Jumli Marshi) under cold stress showed that 4636 (1490 upregulated and 3146 downregulated) genes were significantly differentially expressed. The number of DEGs in four common cold-induced rice cultivars was reported as 182 (Chawade et al., 2013) . In Populus simonii, 5267 genes were reported to be upregulated while 6359 were downregulated under cold stress (Song et al., 2013) . In tropical flower Anthurium andraeanum, a total of 4363 genes were identified to be significantly changed under cold stress and nearly 30% of genes were found to be coldinducible (Tian et al., 2013) . In the three wheat varieties of Harnesk, Paragon, and Solstice, over 2% of the whole transcriptome exhibited an expression level of greater than two-fold change in response to cold stress. In these varieties, 1711 genes were upregulated while 1402 were downregulated, with 394 common genes (Winfield et al., 2010) . In tea plant (Camellia sinensis), 1770 differentially expressed genes were reported; of these, 1168 were upregulated and 602 were downregulated under cold stress (Wang et al., 2013) . In this study, we have identified a total of 5205 DEGs. Of these, 5029 were upregulated and 176 were downregulated genes, and 698 genes were found to be common. This indicates that plant response to cold stress varies depending on plant genomic background against cold stress. According to the "Metabolism overview'' pathway analysis (Figure 6 ), major and minor carbohydrate metabolisms, light reactions, and lipid metabolism were observed to have upregulated strikingly, suggesting that these genes may play important roles in response to cold stress in N. benthamiana. 
Transcription factors responsive to cold stress
Transcription factors have essential functions in plant development and stress tolerance (Chinnusamy et al., 2007) . In model plants, TFs regulate many target genes by direct binding to cis-elements in promoter regions (Zhang et al., 2009 ). Forty-two upregulated genes encoding putative TFs were found in N. benthamiana, but among all the TFs, 22 TFs were enriched (Table 1 ; Figure 4 ). The most abundant TF was found as putative DNA binding factor with seven members, followed by the zinc-finger family with six members, basic helix-loop-helix family (bHLH) with three members, and SET domain TFs with two members. Zinc finger proteins (ZFPs) are important TFs with cysteines and/ or histidines coordinating zinc atom(s). Cys2/His2 (C2H2)-type ZFPs containing the EAR transcriptional repressor domain play important roles in plants under biotic/abiotic stress conditions (Singh et al., 2010) . The C2H2-type zinc finger of A. thaliana 6 (AtZAT6) was transcriptionally stimulated by salt, dehydration, cold stress treatments, and pathogen infection (Shi et al., 2014) . In Anthurium plants, zinc-figure proteins were abundantly accumulated within the initial first hour under cold stress condition (Tian et al., 2013) . In Eucalyptus grandis, transcription of EgrZFP1-6 rapidly increased 2 h after cold treatment. Expressions of the EgrZFP1-7 gene were also detected in cold and salt resistance . In rice, seven Zn-finger TFs, both homeodomain and C2H2-type, were identified as binding to the promoter of OsDREB1B (Figueiredo et al., 2012) . It can be suggested that ZFP TFs could play key roles in cold stress pathways in N. benthamiana and could crosstalk among stress signaling pathways. In cold stress, a well-documented cold signaling pathway is the C-repeat binding factor/DRE binding factor (CBF/DREB) transcriptional regulatory cascade (Thomashow, 1999) . Interestingly, CBF TFs were not commonly upregulated in N. benthamiana. However, tomato, a close relative of N. benthamiana, has a complete CBF cold response pathway, but its CBF regulon differs from that of Arabidopsis (Zhang et al., 2004) . For this case, CBF cold-responsive pathway genes in N. benthamiana need further validation. Basic helix-loop-helix (bHLH)-type transcription factors play important roles in the stress-adaptive regulation network (Xu et al., 2014) . These TFs contained a bHLH motif with conserved amino acids, including two functionally distinct regions (N-terminal basic region and helix-loop-helix region) (Li et al., 2006) . Arabidopsis bHLH gene ICE1 was upregulated by cold and salt but not by dehydration (Chinnusamy et al., 2003) . In tea plant (Camellia sinensis), several bHLH genes were upregulated by cold (Wang et al., 2012) . In trifoliate orange (Poncirus trifoliata), PtrbHLH transcript was constantly induced by cold (Huang et al., 2013) . In apple (Malus domestica), bHLH gene MdCIbHLH1 (coldinduced bHLH1) that encodes an ICE-like protein was significantly induced in response to cold stress (Feng et al., 2012) . MYB TFs play key roles in the ABA-dependent pathway of stress signaling for upregulation of abiotic stress-responsive genes. Plant MYB proteins are classified into three main groups: R2R3-MYB, R1R2R3-MYB, and MYB-related proteins (Stracke et al., 2001 ). The MYB transcription family was mostly stimulated late under cold stress conditions in Arabidopsis (Fowler and Thomashow, 2002) . MYB and bHLH proteins frequently interact with each other to regulate transcription (Ramsay and Glover, 2005) . In this study, upregulation of MYB and bHLH TFs may indicate the crucial role of these proteins in coping with cold stress conditions. The A. thaliana genome has more than 30 genes encoding SET-domain proteins and it is considered that they play essential roles in epigenetic regulation of gene expression and chromatin structure. These proteins can be classified into two groups: the polycomb group (PcG) and the trithorax group (trxG), which are important regulators in development (Thorstensen et al., 2008) . In this study, the upregulated SETdomain may contribute to the transcriptional regulation to withstand cold stress in N. benthamiana. Overall, about 25 types of TF families were upregulated (Table 1) . This indicates that cold stress could induce many TFs in response to adverse environmental conditions.
Signaling network response to cold stress
Plants perceive signals and stimuli by receptors and generate adaptive responses to the conditions. Plant protein kinases such as CDPKs and MAPKs are considered to play important roles in cellular signaling (Osakabe et al., 2013) . Receptor-like kinase (RLK) proteins have important functions in signal transduction pathways (Shiu and Bleecker, 2001a) . RLK protein kinases were identified as one of the largest gene families in the Arabidopsis genome with about 610 members, which are encoded by a multigene family (Shiu and Bleecker, 2001b) , and about 1131 members in the rice genome (Shiu et al., 2004) . RLKs contain a signal sequence, an amino-terminal domain with a transmembrane region, and a carboxyl-terminal kinase domain (Torii, 2000) . These RLKs also play key roles in homeostatic mechanisms underlying the abiotic stress response and integrating environmental and plant hormone signaling (Shiu and Bleecker, 2001a; Dievart and Clark, 2004) . In the present study, 10 receptor kinase genes have been shown to be significantly differentially expressed under cold stress (Figure 4 ). This indicates that protein kinases play important roles in detection of cold stress in N. benthamiana. It is well established that Ca 2+ acts as a key messenger in regulation of growth and developmental processes and plays vital functions in stress signaling, i.e. cold stress (Reddy et al., 2011) . Cytosolic free calcium concentration rises immediately in cold stress, indicating that calcium influx plays essential roles in response to environmental stresses (Knight et al., 1996) . Calcium/ calmodulin-mediated related genes can be classified into three main groups: 1) Ca 2+ -dependent protein kinase (CPK), 2) calcineurin B-like protein (CBL), and 3) calmodulin (CaM) (DeFalco et al., 2010) . In accordance with that, seven signaling genes (notably CaM (2) and CPK (2) genes) were upregulated (Figure 4 ), proposing that calcium/calmodulin-mediated related genes may play vital roles in cold acclimation process in N. benthamiana.
Hormone-related genes in cold stress conditions
Phytohormones play important roles in plant responses to cold stress. Ethylene is one of the most important regulatory hormones in environmental responses to stress conditions as well as having various physiological roles, including germination, fruit ripening, organ abscission, pathogen, response, and senescence (Chen et al., 2005) . Ethylene response factors (ERF), which are a large multigene family, play important roles in responses to the ethylene signal and in regulation of gene expression in response to biotic/ abiotic stresses (Zhang et al., 2008) . ERF proteins contain the AP2/ERF domain structure, in which nearly 60 amino acids are involved in DNA binding. However, most ERF members recognize cis-element GCC-box (AGCCGCC) (Ohme-Takagi and Shinshi, 1995) . In this study, seven ethylene genes were found to be highly expressed under cold stress conditions (Figure 4 ). It was reported that, in tomato, the Sl-ERF.B.3 (Solanum lycopersicum ethylene response factor B.3) gene, which belongs to the ERF family, was induced by cold, heat, and flooding stresses (Klay et al., 2014) . Considering our results, it can be suggested that ERFs may regulate the responses and/or cold acclimation with constant transcriptional patterns in Solanaceae.
Auxin (indole-3-acetic acid, IAA) is the first discovered plant hormone and plays important roles in various metabolic processes, including flower organ development, plant morphogenesis, root patterning, and vascular tissue differentiation (Davies, 1995; Zhao, 2010) . Cold stress basically targets intracellular auxin transport in Arabidopsis root. In addition, cold stress inhibits the intracellular trafficking of various proteins including auxin efflux carriers. Auxin signaling mutants axr1 and tir1 respond to cold treatment as the wild-type, proposing that cold stress alters auxin transport in preference to auxin signaling (Shibasaki et al., 2009) . In rice, analysis of transcript profiling showed that many auxin-responsive genes play roles in response to cold stress (Jain and Khurana, 2009). Similarly, auxin genes were upregulated in N. benthamiana, suggesting that auxin transport may be affected by cold stress; therefore, auxin pathways were reregulated in response to cold stress. However, auxin signaling regulation in response to cold stress still remains to be investigated.
Genes related to photosynthesis
Photosynthesis is unquestionably a dominant sensor of stress in plants. Chloroplast-specific stress-sensing mechanisms detect stress-induced changes, including energy imbalance, changes of cellular sugar level, and redox homeostasis in components of thylakoids. These changes initiate signaling cascades, which consequently cause the genetic reprograming for stress adaptation (Biswal et al., 2011) . Among cell organelles, chloroplasts, and especially chlorophyll biosynthesis, are rapidly affected under cold stress. Alterations in Chl antenna complexes cause an imbalance in photosystem II (PS II) (Ensminger et al., 2006) . PS II is a protein complex with some polypeptides including subunits and chemical moieties that play important roles in electrochemical reactions (Renger, 2010) . Results of previous studies showed that low-temperature stress inhibits the repair of PS II but does not affect photodamage to PS II (Murata et al., 2007) . In this study, eight photosynthesis genes were upregulated with six photosystem II genes; one is the Calvin cycle gene and the other is the photorespiration gene ( Figure 5C ), indicating that particularly the photosystem II pathway was upregulated in order to cope with cold stress conditions for preventing photosystem damages in N. benthamiana. 4.6. Lipid metabolism-associated genes in cold stress conditions Cold stress decreases the fluidic nature of cellular membranes and increases their rigidity. The content of fatty acid unsaturation and phospholipids result in cold acclimation and causes membrane rigidification (Los and Murata, 2004) . Plant membrane lipids show a tendency to change from gel to liquid-crystalline phase in response to cold stress (Badea and Basu, 2009) . Membrane rigidification was perceived by membrane proteins of plant cells, and these signals are transduced and many signaling pathways are activated to protect its membrane stability and integrity (Orvar et al., 2000; Yadav, 2010) . In N. benthamiana, 17 genes involved in lipid metabolism were upregulated, and fatty acid (FA) synthesis and elongation genes (12 of 17) were found to be highly expressed ( Figure   5D ). Expression of the stearoyl-ACP desaturase (w-9) gene involved in fatty acid (FA) synthesis and elongation raises the cold tolerance out of increased desaturation of the fatty acids for control of membrane damage in potato. In potato, content of plasma membrane unsaturated fatty acids showed 5% to 10% changes under cold stress (De Palma et al., 2008) . In this study, these expression patterns indicate that lipid metabolism may be reregulated for cold acclimation under cold stress. 4.7. Transport-related genes in cold stress conditions Porins are members of β-barrel proteins with diverse functions in prokaryotes and eukaryotes. They are localized in outer membranes of mitochondria and in plastids in eukaryotes (Benz, 1994; Fischer et al., 1994) . One important family of these proteins is the voltagedependent anion channel (VDAC) family in eukaryotes (Wandrey et al., 2004) . In Arabidopsis five VDAC isoforms (Clausen et al., 2004) and in rice three isoforms were identified (Roosens et al., 2000) . VDACs are considered to play important roles in regulation of metabolite transport between mitochondria and cytoplasm (Homblé et al., 2012) . Transporting of anions, cations, ATP, Ca
2+
, and metabolites is mediated by VDACs with connections between mitochondria and other parts of the cell (Shoshan-Barmatz et al., 2006) . Expression of VDACs in plants can be regulated by different abiotic/biotic stresses such as salinity, cold, drought, and pathogen defense. VDAC genes that were determined as salinity-inducibles gene in pearl millet were upregulated by drought, cold, and salicylic acid, but not by abscisic acid (Desai et al., 2006) . Accordingly, porin and metabolite transporters genes were upregulated in N. benthamiana (Table S1 ). These transcriptional changes may be expected in response to cold stress for transporting metabolites in connections between mitochondria and cytoplasm.
In conclusion, we focused on transcriptional changes in N. benthamiana for common up-and downregulated cold stress genes. A number of genes involved in diverse biological or molecular pathways have been identified, but increased transcripts related to transcription factors, lipid metabolism, signaling, and photosynthesis pathways may play essential functions in the protection of Nicotiana under adverse conditions of cold stress. Results of this study will provide insights into the molecular mechanisms of N. benthamiana during the cold acclimation process. In addition, it could be a valuable resource to find new cold-related genes for improving the resistant plants for low-temperature conditions, especially members of the family Solanaceae. 
